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ABSTRACT
Despite the wide availability of endovascular and surgical techniques, there are still some
intracranial aneurysms that remain too complex to undergo such procedures. Low-porosity stents
have been proposed recently as a therapeutic alternative for such aneurysms. The purpose of this
study is to assess the hemodynamic conditions in aneurysms with different morphology before and
after treatment with a low-porosity stent (also known as flow diverter), using computational fluid
dynamics (CFD).
Two patient-specific vascular models, each harboring a single aneurysm, were selected to
evaluate the effect of the SILK stent (Balt Extrusion, Montmorency, France) on the intra-aneurysmal
flow. One model presented a wide-necked aneurysm (AR= 1.07) at the anterior choroidal segment;
the other, a narrow-necked one (AR= 2.45) at the posterior communicating segment.
Vascular models were reconstructed from the available medical images. The stent was virtu-
ally implanted so as to ensure its proper apposition using the Fast Virtual Stenting method. Volumet-
ric meshes were generated according to the results of several mesh independency tests for element
size around the stent strut, boundary layer properties and size of the deployed stent. Transient blood
flow simulations were carried out to solve continuity and momentum equations. Walls were set to be
rigid with no-slip boundary condition and blood was considered as a Newtonian fluid. Mass flow rate
at the inlet and pressure at the outlets were imposed as boundary conditions (following @neurIST
data analysis protocol). Simulations were carried out in ANSYS-CFX to estimate shear stress at the
aneurysmal wall and inflow at the aneurysm neck.
The post-treatment reduction of flow into the wide-necked aneurysm was 9.2% at peak systole
and 58.1% time-averaged over the cardiac cycle. The reduction in average shear stress on the
aneurysm wall was 57.6% and 83.3%, respectively. The narrow-necked aneurysm showed a general
increase in the reduction for each parameter; inflow at the neck was reduced by 37.3% and 64.7%,
respectively and wall shear stress by 65.6% and 83.6%, respectively.
This study allowed us to realize that CFD simulations can be employed to estimate the re-
duction of flow into the aneurysm due to the placement of a flow diverter. It was observed that the
flow diverter was able to disrupt high-velocity flow entering the aneurysm and redirect it through the
parent vessel.
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Resumen
A pesar de la amplia disponibilidad de técnicas, tanto quirúrgicas como endovasculares, exis-
ten aneurismas intracraneales que son muy complejos para ser tratados con estos procedimientos.
Recientemente, se han propuesto stents de baja porosidad como una alternativa terapéutica para
dichos aneurismas. El propósito del presente estudio es valorar las condiciones hemodinámicas en
aneurismas con diferente morfología antes y después de ser tratados con un stent de baja porosidad
(también conocido como flow diverter), utilizando dinámica de fluidos computacional (CFD).
Dos modelos vasculares, cada uno de ellos específico del paciente al que pertence y conte-
niendo sólo un aneurisma, se utilizaron para la evaluación del efecto del stent SILK (Balt Extrusion,
Montmorency, Francia) sobre el flujo intra-aneurismático. Uno de los modelos presentaba un aneu-
risma de cuello ancho (RA = 1.07) localizado a nivel de la arteria coroidea anterior; el otro, uno de
cuello angosto (RA = 2.45) a nivel la arteria comunicante posterior.
Los modelos vasculares fueron reconstruidos a partir de las imágenes médicas disponibles.
Utilizando el método Fast Virtual Stenting, el stent fue implantado virtualmente, de manera que
su posición con respecto a la pared arterial fuera apropiada. Se generaron mallas volumétricas de
acuerdo a los resultados de varias pruebas de independencia de malla sobre el tamaño de elemento
alrededor del stent, propiedades de la capa límite y tamaño del stent implantado. Para resolver
las ecuaciones de continuidad y momentum, se llevaron a cabo simulaciones de flujo sanguíneo
transiente, considerando a la sangre como un fluido Newtoniano y a las paredes del modelo como
rígidas, donde la velocidad es cero cerca de ellas. Siguiendo el protocolo de análisis de datos
del proyecto @neurIST sobre las condiciones de borde, se impusieron flujo másico en la entrada y
presión en las salidas. Las simulaciones se llevaron a cabo en ANSYS-CFX para estimar el esfuerzo
de corte en la pared aneurismática y la cantidad de flujo entrando a través del cuello del aneurisma.
Después del tratamiento, la reducción del flujo dentro del aneurisma con cuello ancho fue
de 9.2% durante el pico sistólico y 58.1% a lo largo de todo el ciclo cardiaco. La reducción en el
esfuerzo de corte promedio sobre la pared aneurismática fue de 57.6% y 83.3%, respectivamente.
El aneurisma de cuello angosto presentó un incremento general en la reducción de cada parámetro;
el flujo dentro del aneurisma fue reducido en 37.3% y 64.7%, respectivamente y el esfuerzo de corte
en la pared, en 65.6% y 83.6%, respectivamente.
A través de este estudio evidenciamos que las simulaciones de CFD pueden ser utilizadas
para estimar la reducción del flow intra-aneurimático debido a la colocación de un flow diverter. Se
observó que el flow diverter fue capaz de interrumpir el flujo de alta velocidad que entra al aneurisma
y redireccionarlo hacia la circulación principal.
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1. INTRODUCTION
An intracranial aneurysm (IA) is an abnormal dilatation or bulge located at the Circle of Willis,
the artery network that supplies blood to the brain. Recently, the placement of stents as flow diverters
has been proposed as a therapeutic alternative for the treatment of IA, specially for aneurysms that
are not suitable for conventional treatment. Flow diverters, which are low-porosity stents, have
proven to be capable of providing an appropriate scaffold for the aneurysm neck, thus excluding the
aneurysm from the parent vessel circulation while conferring vessel patency.
Several studies have been performed in order to determine the effect of low-porosity stents on
the intra-aneurysmal flow. Appanaboyina et al. [1] have proven, using computational fluid dynamics
(CFD), that the aneurysm inflow can be significantly altered when a single stent is placed at the
aneurysm neck. Augsburger et al. [2] developed an in vitro study in which several stents acting
as flow diverters were tested. In this study, they were able to observe that local flow conditions
and stent design, not only porosity, were main parameters for determining flow reduction at the
aneurysm. Using elastase-induced aneurysm models in rabbits, Sadasivan et al. [3] demonstrated
that flow diversion devices with high pore density, rather than low porosity, caused successful and
stable aneurysm occlusion.
Due to the novelty of the treatment and the relatively low number of cases reported, there is
little information available about whether an aneurysm should be treated with flow diverters or not.
The aim of this study is to assess the changes in the hemodynamic conditions on aneurysms with
different morphology before and after treatment with a low-porosity stent (e.g. SILK, Balt Extrusion,
Montmorency, France), using CFD analysis.
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2. INTRACRANIAL ANEURYSM OVERVIEW
Fig. 2.1: Aneurysm parts.
A healthy intracranial arterial wall is constituted by three
layers. Formed by collagen type I, the adventitia is the out-
ermost layer. The second layer is the media, which is mainly
made up of smooth muscle cells and collagen type III. The in-
tima is the innermost layer and is composed by a monolayer
of endothelial cells. The intima is separated from the media by
an elastic lamina, which contains elastin and has the function
of providing water and nutrients to the arterial wall. In contrast,
walls of IAs are mostly made up of the collagen from the adven-
titia layer, and have negligible amounts of elastin and smooth
muscle cells [4], resulting in a bulge-like formation on the ves-
sel wall [5]. As shown in Figure 2.1, there are three main anatomical structures that can be identified
at the aneurysm: dome (body of the aneurysm), parent vessel (vessel that harbors the aneurysm),
and neck (base of the aneurysm).
According to their morphology, IAs can be classified into saccular, fusiform, or dissecting.
A saccular aneurysm has a berry-like shape and may develop from defects in the medial layer of
arteries. This kind of aneurysm represents about 90% of all [6]. A summary of the most common
sites for saccular IAs at the Circle of Willis, along with the incidence rate in each location, is presented
in Figure 2.2. Fusiform aneurysms feature random shapes and tapering at both ends, making it
difficult to define a proper neck area. Dissecting aneurysms form when a false lumen is created by
blood entering through a longitudinal tear along the intimal layer of the arterial wall. They usually
present a low dome-to-neck ratio and are referred to as wide-necked aneurysms.
In the adult population, the incidence of having an IA is about 2% [7] and, while most of them
stay dormant and asymptomatic, some have the tendency to grow and, eventually, to rupture. A
ruptured aneurysm releases blood into the space where the cerebrospinal fluid is contained; this
event is called a subarachnoid hemorrhage (SAH). SAH is associated with significant morbidity and
mortality rates. About 10 to 20% of patients with SAH die before receiving medical attention [8, 9]
and about one third die within 30 days of admission [10], resulting in an overall case-fatality rate
of approximately 50% [11]. Of the surviving patients, one third to half are left with neurological
impairment [11, 12].
Given the poor outcome that patients with ruptured IAs have, the decision whether to treat
an unruptured IA should take in consideration many aspects. There are risk factors that have been
identified to increase the probability of rupture and, often, they suggest that treatment is advisable.
A 419-patient study performed by Ishibashi et al. [13] indicated that unruptured IAs are more prone
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Fig. 2.2: Common locations of intracranial aneurysms and their approximate incidences. Adapted from Vega
et al [6].
to rupture when they are large in size (above 10 mm), are located at the posterior circulation, or
have previous history of SAH. Along with these risk factors, Wermer et al. [14] also found that
Japanese or Finnish descent, old age, and female gender increase the probability of rupture for an
IA. An environmental risk factor also to be taken into consideration is cigarette smoking, since the
incidence of presenting SAH is from 3 to 10 times higher for smokers than non-smokers [15]. Taken
into consideration the afore mentioned risk factors, selecting a proper treatment for an IA patient that
balances the risk of rupture and the risk of treatment is of vital importance.
3. OBJECTIVES OF THE STUDY
As mentioned before, flow diverters constitute a novel endovascular treatment for patients
with IA which are considered as high-risk candidates for surgical clipping or coil embolization. A first
aim of this study was to understand th clinical literature on the treatment of IAs with flow diverter.
Secondly, we aim at implementing a computational model of intra-aneurysmal hemodynamics, using
CFD and virtual treatment tools. Finally, we intend to assess the changes in the hemodynamic
conditions on intracranial aneurysms with different morphology before and after treatment with flow
diverters.
In summary, the objectives of this work where defined as:
 Objective 1: Understand the literature that has been dedicated to the study intracranial
aneurysms and their treatment. In particular we focus on treatment with stents, both from
the clinical and computational modeling point of view (Chapters 3 and 4).
 Objective 2: Develop a computational model, both of the anatomy and the device, suitable for
studying the hemodynamics of IAs before and after treatment (Chapter 5).
 Objective 3: Quantify and assess the effect of the flow diverter on intra-aneurysmal hemody-
namics by performing CFD analysis (Chapter 6 and 7).
In our analysis we investigate the alterations of intra-aneurysmal flow due to the presence
of flow diverters. We aim at understanding the effect of these devices with the ultimate goal of
identifying which aneurysms are more suitable for this type of treatment. This analysis, either by its
morphology or hemodynamic conditions, would provide the clinicians better information to determine
the best treatment for a given aneurysm.
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4. BACKGROUND ON INTRACRANIAL ANEURYSM TREATMENT
Several therapeutical treatments exist for IAs (see Figure 4.1). The one with longer history of
use is surgical intervention, which consists of either clipping or vessel occlusion with bypass. Both
alternatives involve performing a craniotomy: the removal of a section of bone from the skull, in order
for the clinician to retract the brain and approach the underlying vessels. Performing clipping of an
aneurysm involves the placement of a tiny clip across the neck of the aneurysm to prevent blood
from entering, whereas vessel occlusion consists of extracting the diseased artery containing the
aneurysm and replacing it with a vessel graft to reroute blood flow. The latter one is not conventional
and usually is left as a last resource. A meta-analysis comprised of studies published between
1966 and 1996 showed that mortality was 2.6% and morbidity was 10.9% for surgical intervention
of unruptured IAs [16].
Besides surgical interventions, endovascular treatments have been available over the past
couple of decades. They rely on the use of catheters that are inserted into a large artery, such as
the femoral artery, by making a small incision in the skin. The catheter is then advanced through
the vasculature towards the aneurysm site to place coils or stents. Coil embolization is the most
common choice of this kind of treatment. It involves introducing a series of microwires into the
aneurysm in order to induce its occlusion, excluding it from the parent vessel circulation. When
the dome-to-neck ratio of the aneurysm is low, coils might migrate into the parent vessel and, to
prevent this from happening, a stent is placed as mechanical support to jail the coils inside the
aneurysm. A systematic review of ruptured and unruptured IAs treated with coil embolization showed
that approximately 54% of the aneurysms achieved complete occlusion, while morbidity rate was
3.7% [17].
In spite of the availability of the endovascular and surgical techniques mentioned before, there
are still some IAs for which such procedures are contraindicated. Complex aneurysm morphology,
small vessels branching from the aneurysm, or a wide neck make it difficult for the clinician to
Fig. 4.1: Available treatments for intracranial aneurysms: (a) Clipping, (b) Coiling, and (c) Stent-assisted
coiling. Adapted from Brisman et al [12].
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perform endovascular coil embolization or clip placement. When the clinician faces an aneurysm of
this sort, one of the treatment options is vessel occlusion with bypass [18]. In itself, the procedure
is surgically challenging and conveys several risks, such as swelling of the brain, loss of mental
functions, and brain damage with associated disabilities [19].
Looking for an alternative, during the last decade there have been reported cases where
aneurysms have been treated successfully with stent placement alone instead. Even more recently,
such treatment has included the use of low-porosity stents such as SILK (Balt Extrusion, Mont-
morency, France) or the Pipeline Embolization Device (PED, Chestnut Medical, Menlo Park, CA),
meant to divert the flow from the aneurysm and restore normal blood flow.
Throughout the literature, several aneurysm types have been candidates for treatment with
stent-alone technique. Taken into account the aneurysm morphology, common choices for this novel
technique are fusiform, giant and wide-necked aneurysms; specially when localized at the internal
carotid artery, vertebral artery or basilar trunk. In this chapter, some of the previous studies involving
the use of stents as treatment for IAs are discussed.
4.1 Clinical Studies
Before the flow diverter was introduced, there are several clinical cases reported in the liter-
ature in which coronary stents are used for treating complex aneurysms, given their flexibility, good
tractability and easy navigation along tortuous vessels.
By performing double stenting (technique in which a stent is deployed within another to de-
crease their porosity), Benndorf et al. [20] observed significant hemodynamic changes inside the
aneurysmal sac that led to angiographic occlusion of the aneurysm. Similar outcomes were pre-
sented by Doerfler et al. [21] in two patients who underwent the same treatment for small, ruptured,
wide-necked aneurysms at the vertebral artery.
Lylyk et al. [22], within a study where stent placement was meant to be a mechanical protection
against coil herniation, presented the case of one patient who was treated with stent-alone technique
for bilateral vertebral artery aneurysms. Without the aid of coils, stents were able to disrupt inflow
at the aneurysm, resulting in complete obliteration. Similarly, Vanninen et al. [23] presented three
patients in which aneurysm occlusion with parent vessel patency was observed after stent placement
alone.
After 2005, some clinical trials were designed to evaluate the use of stent as part of the en-
dovascular treatment, either as mechanical support for coils or by itself. Lylyk et al. [24], in their
50-patient study, limited the stent-alone technique to the unruptured cases where parent vessel re-
construction was the treatment target. They report only one case of complete aneurysm thrombosis,
suggesting that, since an open-cell stent (Neuroform) was used for the study, the intra-aneurysmal
flow remained undisrupted and unable to provide the necessary blood stasis for thrombus formation
as reported by the authors.
One prospective study for the placement of a single stent was conducted by Zenteno et al.
[25]. In this particular study, patients were recruited for stent-alone technique in view of the fact that
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no other treatment was advised for their condition. After 1-year follow-up, they were able to observe
complete occlusion in 80% of the patients. Also, the placement of the stent was meant to remodel
the parent vessel, modifying its curvature and changing the angle at which blood flow enters the
aneurysm.
Park et al. [26] reported a large case study for which stent-alone technique was advised given
that the aneurysms were small or clinically significant arteries were involved. Their study shows that
24 out of 26 patients presented complete or partial occlusion after their last follow up. Angiographic
follow-up was available at 4 to 42 months.
Szikora et al. [27] evaluated the feasibility of a flow diverting stent, such as the PED (Chestnut
Medical, Menlo Park, California), as treatment for wide-necked, unruptured aneurysms. Treatment
with or without coil packing was performed. They found out that coil packing seemed to make no
difference in late aneurysm occlusion and that the PED could be used by itself to increase blood
residence time within the aneurysm, possibly leading to thrombus formation.
In all case reports and patient studies, an anticoagulation regimen was mandatory in order to
avoid parent artery stenosis after stent deployment. The delayed aneurysm occlusion caused by this
regimen was considered to be negligible, since the stent proved to be capable of providing enough
hemodynamic protection while thrombus formation and neointimal proliferation happen slowly. In
most cases, this regimen presented no disadvantages for later aneurysm occlusion.
Besides the existence of cases with successful clinical outcome, there have been reported
cases of failures using stents as flow diverters. Kaku et al. [28] reported two cases of ruptured dis-
secting aneurysm at the basilar artery, both treated with coronary balloon-expandable stents. After
the procedure, one patient presented recurrent bleeding and the other patient presented occlusion
of the basilar artery. The authors attributed these events to the high porosity possessed by the
coronary stents, which might have failed to induce proper intraluminal thrombosis.
Turowski et al. [29] reported a case where a patient incidentally presented a large, paraoph-
thalmic aneurysm which was to be treated with a SILK stent. Twenty days after the procedure, the
patient became comatose and follow-up with CT scan demonstrated extensive SAH. The fatal out-
come was attributed to the lack of organized thrombus formation and prevalence of red thrombi.
Red thrombus is characterized for having high proteolytic enzyme activity, which might have caused
weakening and tearing of the arterial wall.
Another similar case is reported by Van Rooij and Sluzewski [30], where the patient present-
ing a large dumbbell aneurysm located on the left anterior cerebral artery was treated with two
overlapping PEDs; one of them was protruding into the middle cerebral artery. Immediately after
the procedure, the patient was apathetic and a few days later cognition remained severely impaired.
They presume that the occlusion of near-by arteries caused by one of the PEDs was responsible for
the outcome.
In Table 4.1, we present a summary of clinical literature. Materials, methods and clinical
outcome for case reports and clinical studies about the stent-alone technique are reported. It is
difficult to assess the efficiency of the stent-alone technique due to the limited number of cases and
the novelty of the technique. Most of the previously presented cases included patients that were
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treated with stent-alone technique because all other treatments conveyed more risks. In some other
cases, the stent placement was part of the endovascular treatment with coil placement, which was
left inconclusive since the stent by itself was observed to provide enough hemodynamic protection.
This finding made clinicians realize that stent placement can positively affect hemodynamics. Also,
most stents available today (i.e. coronary stents) have a pore size that is too large to induce the
required flow changes, thus low-porosity stents capable of diverting blood flow are needed.
4.2 Animal Studies
Fig. 4.2: Histological section
that shows throm-
bus formation at six
months after flow di-
version device im-
plantation. Adapted
from Sadasivan et
al. [3].
While angiographic follow-ups aid clinicians in observing the
exclusion of the aneurysm from the parent vessel circulation, they
do not permit the assessment of thrombus formation. In order to
observe thrombus formation it is necessary to obtain histological
samples, which are not usually available from human subjects. For
this purpose, animal studies have been performed to test the influ-
ence of stents with low porosity on the biological response of the
arterial wall. All the animal studies reported in this section used
a rabbit-elastase induced aneurysm model, in which the aneurysm
is created by isolating the vessel section of interest and incubating
elastase within it. The elastase, which is an enzyme that breaks
down elastin, will induce degradation of the arterial wall, resulting in
a saccular aneurysm.
Sadasivan et al. [3] tested three self-expanding cobalt-based
flow diversion devices, each with different porosity and pore den-
sity. Histological sections of the aneurysms after six months re-
vealed that three out of six of the treated animals presented com-
plete thrombus organization inside the aneurysm sac, which would
eventually occlude the aneurysm (see Figure 4.2). From the angio-
graphic image sequences, temporal variation of the contrast intensity was measured and their results
suggest that pore density, rather than porosity, may be a critical factor to determine the efficacy of a
flow diverter.
Another study that also showed a 50% rate of complete thrombosis is the one conducted
by Kühn et al [37]. They tested a balloon-expandable stent covered with a polytetrafluoroethylene
membrane, NEC (Neurovascular Embolization Cover, NFocus Neuromedical, Palo Alto, California).
Their histopathological results at the eighth week indicated that four out of eight rabbits presented
complete occlusion and none had evidence of thrombus within the stent.
Kallmes et al. [38] realized a comparative study between the first PED and its second genera-
tion (PED-2). Their 18-rabbit study demonstrated that, due to changes in the materials or design of
the new device, PED-2 improved aneurysmal complete occlusion rates (94% against 53% of PED-1),
diminished extent of neointimal hyperplasia, and favored patency of small-branch vessels.
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These animal studies have provided useful histological evidence for observing the biological
development of the vascular wall after the implantation of a flow diverter. Through them, evaluation
of the thrombus formation inside the aneurysm and intimal hyperplasia over the stent struts was
possible, and thus, the efficiency of the flow diverter for excluding the aneurysm from the parent
artery circulation could be estimated. All these studies are driven on animal models and those
results can not be directly extrapolated to human subjects for evident differences in anatomy, scale
and physiology. For this reason, the use of in vitro and in silico studies to understand the effect of
these devices is gaining more and more attention.
4.3 In Vitro Studies
Other studies about the hemodynamic changes caused by stent placement in aneurysms have
been developed in vitro and computationally. Cantón et al. [39] performed an in vitro study where
particle image velocimetry (PIV) was used to quantify the velocity, vorticity and shear stresses in a
silicone model of a sidewall aneurysm, before and after the placement of stents across the aneurysm
neck. They observed that the strength of the vortex was remarkably reduced after the placement of
the first stent, and that placement of a second and third stent presented a less significant reduction.
Fig. 4.3: Scalar maps of (a) velocity and (b) vorticity fields obtained from PIV measurements. Measurements
were calculated for the different stents used in this study under shear-driven and inertia-driven con-
figurations, at systolic phase. Adapted from Augsburger et al [2].
Augsburger et al. [2], also using PIV, measured velocity and vorticity magnitudes in two sili-
cone models: one able to provide a shear-driven flow configuration and the other one, an inertia-
driven flow. Several stents and combinations of such stents were tested for their flow diversion
capability. Their results led to the conclusion that stents with low porosity might be good candidates
for reducing aneurysmal flow and stabilizing the aneurysm (see Figure 4.3). They also suggest that
the effectiveness of such stents does not dependent solely on porosity but also on local geometry,
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hemodynamic conditions of the aneurysm and stent design. Observations about the stent design
being an important factor on the resulting hemodynamics inside the aneurysm sac have also been
made by Fu et al [40].
To evaluate the effect of stent porosity on the hemodynamic conditions, Liou and Li [41] per-
formed computer simulations as well as an experimental setup for a phantom of a lateral aneurysm
mounted on a straight vessel. Besides obtaining agreement among their numerical and experimental
results, they were able to observe that the number and size of intra-aneurysmal vortices are altered
and reduced at some phases of the cardiac cycle after stenting.
All these studies report the hemodynamic conditions in the presence of different types of
stents. Still, there is no study focusing on flow diverters and the alteration in flow inside the aneurysm
before and after the implantation of the device. In the current work, we intend to understand these
effects in realistic anatomical models using CFD analysis.
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5. COMPUTATIONAL FLUID DYNAMICS OVERVIEW
Hemodynamic parameters have been believed to play an important role on the formation,
growth and rupture of IAs [42, 43, 44]. Obtaining in vivo measurements of these parameters is pos-
sible using phase contrast magnetic resonance velocimetry, but usually this technique is limited to
large-diameter arteries such as the aorta [45] and carotid artery [46]. For this reason, computational
fluid dynamics (CFD) has become an important tool for obtaining virtual measurements of these
parameters.
5.1 Computational Fluid Dynamics Modeling
CFD is based on fluid dynamics, which is the science that studies the laws describing the flow
of fluids, and on its basic governing equations: the continuity and momentum equations.
The continuity equation is described as:
@
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where t is time,  is the density at a point in the fluid, and u, v, and w denote velocity components in
the x, y, and z directions respectively. In this study, we assumed flow to be incompressible, meaning
that the density will remain constant, in other words, the continuity equation is simplified to its spatial
components.
The momentum equations, also known as Navier-Stokes equations, are:
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where F is the sum of external forces acting on a fluid, p is the pressure of the fluid, and  is the
viscosity coefficient. Since external forces acting over the fluid (for example, gravity) were not taken
into consideration, the Navier-Stokes equations can be further simplified by assuming F to be zero.
More details about the simplification of these equations can be found in [47].
With the aid of computers, CFD is used to generate flow simulations by solving numerically the
previously described equations. This set of partial differential equations are solved in a predefined
discretisation of the geometrical domain, which in this study corresponds to the luminal region. This
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geometrical domain is called a volumetric mesh. The mesh is comprised by tetrahedral and prism
elements, and the point shared by several elements is referred to as a node.
Moreover, to solve these equations, several conditions are initialized by making general as-
sumptions of the fluid to be studied and its flow. The density and viscosity of the fluid are usually
known or can be measured experimentally. The fluid can be considered as non-viscous (viscosity
equals zero), Newtonian (viscosity is constant throughout space and time) or non-Newtonian (vis-
cosity varies throughout space and time). Blood, which is the fluid we focused on throughout our
study, is a non-Newtonian fluid but it is commonly considered as a Newtonian one [47]. Some au-
thors have compared both models and have concluded that a non-Newtonian model can provide
similar results to the ones of a Newtonian model [48, 49]. Boundary conditions for the flow rate are
also predetermined. In chapter 5.1, we describe the boundary conditions utilized in this study.
By solving the equations, we obtain velocity vectors throughout the mesh. From these we
can compute further hemodynamic parameters such as flow rate and wall shear stress (WSS). WSS
is the tangential friction force exerted by the blood flow onto the inner vascular wall. Changes in
WSS are sensed by the endothelial cells on the vascular wall and have an important influence
on determining the luminal diameter and overall vessel structure [50]. WSS is determined by the
following equation:
WSS =
32Q
D3
; (5.5)
where Q is the flow rate and D is the diameter of the vessel through which blood is flowing.
5.2 Computational Fluid Dynamics in Understanding Intracranial Aneurysms and their
Treatment with Stents
To understand cerebral hemodynamics in anatomically accurate geometries, the use of CFD
has become a common practice [48, 51, 52]. Medical images of different modalities, such as mag-
netic resonance imaging (MRI) or three-dimensional rotational angiography (3DRA), are used to
reconstruct the vascular region of interest. Based on the obtained reconstruction, a body-fitted vol-
umetric mesh is generated. Upstream flow rates are applied as boundary conditions for the flow
simulation, and can be obtained from the patients at the time of the study or constructed later on
from subjects with similar conditions. Using this methodology as foundation and the CFD modeling
described in the previous section, we found several CFD studies that elucidated the behavior of
blood flow inside an intracranial artery and its aneurysm.
Steinman et al. [51] reported a case of a giant, lateral aneurysm located at the internal carotid,
for which CFD simulations were carried out. They observed that, given the complex geometry of
the aneurysm, flow patterns were different from what it is generally expected of a lateral aneurysm:
multiple vortices existed inside the aneurysm due to oblique impingement of the blood flow, instead
of presenting a single vortex created by flow entering at the downstream side of the aneurysm and
exiting at the upstream side. They attribute this phenomenon to the particular morphology of the
aneurysm and its wide neck, emphasizing the need for patient-specific geometry. The authors also
compared their CFD findings with the patient’s cine angiograms at the corresponding cardiac phase
and visual plane and observed great similarities, providing validation for their numerical results.
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Fig. 5.1: Comparison between vitual (top) and in vivo angiography (bottom). Adapted from Ford et al [52].
Using the same vascular model as the previously described work, Ford et al. [52] conducted a
study that also provided validation for CFD models of aneurysm hemodynamics. With this intention,
they created virtual angiograms by simulating the injection of contrast agent into CFD patient-specific
model. They observed qualitative and quantitative similarities between their virtual results and the in
vivo ones (see Figure 5.1). Also, they showed that CFD models could provide less distorted blood
flow dynamics than in vivo angiographies, given the fact that overlapping vessels, quasi-steady
injection rates, among other factors might distort the in vivo angiography.
Other CFD study was the one performed by Shojima et al. [53], where 20 saccular aneurysms
located at the middle cerebral artery were studied. They observed that, during peak systole, average
WSS at the aneurysm was significantly higher for ruptured aneurysms than for the unruptured ones.
Additionally, average WSS was lower at the aneurysm than at the vessel among the unruptured
cases. This observation led them to the conclusion that low WSS might play an essential role
in aneurysm growth. Another study that focused on aneurysm growth was the one conducted by
Boussel et al [54]. They measured the displacement of the aneurysm wall at two different time
points of seven vascular models, to measure the aneurysm growth during that period of time. They
were also able to correlated the areas where large displacements took place to the areas of low
WSS.
Cebral et al. [55] conducted a 62-aneurysm CFD study in which a self-developed software was
used to create the vascular meshes and solve the continuity and momentum equations. They found
that, from their population, most unruptured IAs usually have stable hemodynamics, wide inflow
jets and large flow impact areas, while ruptured aneurysms presented the opposite. Their results
suggest that flow patterns may correlate with the risk of aneurysm rupture. Similarly, Castro et al.
[56] revealed that the ruptured anterior communicating artery aneurysms selected for their study
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were more prone to present smaller impaction zones, higher inflow rates and elevated maximum
WSS, than the unruptured ones.
Kim et al. [57] compared the effect of two commercial high-porosity stents (Tristar (Guidant,
St. Paul, MN) and Wallstent (Boston Scientific/Target, San Leandro, CA)) on the hemodynamics of
idealized and patient-specific aneurysms. Using CFD, they tested parameters such as WSS, stasis
of the intra-aneurysmal blood flow, and inflow rate at the aneurysm neck. They observed that the
Wallstent was superior to the Tristar at increasing blood stasis in the aneurysm sac and reducing the
high WSS zone caused by the blood flow impingement. Comparably to what Lylyk et al. [24] found
in their clinical study, this study also showed that, in a tortuous vessel, high-porosity stents were not
able to reduce inflow or induce blood stagnation at the aneurysm sac.
Fig. 5.2: (a,b) Velocity streamlines and (c,d) WSS
contours of a vascular model, with (a,c) full
and (b,d) partial stenting. Adapted from
Appanaboyina et al [1].
Appanaboyina et al. [1] carried out
a study based on unstructured embedded
grids in which patient-specific vascular mod-
els were used for assessing velocity and
blood inflow at the aneurysm neck and shear
stresses at the wall. They studied the effect
of stent design, different treatment options,
effects of stent positioning, and partial stent
modeling. They report that using the piece
of stent, only covering the neck, is enough to
reproduce the main effects of the whole stent
(see Figure 5.2).
By creating an algorithm for virtual
stent release inside a realistic vessel, Larra-
bide et al. [58] were able to compare their
CFD method against an experimental setup
of a terminal aneurysm (aneurysm located
between the base of two branching vessels).
They observed that time-density curves and
virtual angiograms were very similar for both in silico and in vitro models, and, due to the high speed
of the developed method, that it could be used for clinical application.
6. COMPUTATIONAL METHODS FOR INTRACRANIAL ANEURYSM TREATMENT
MODELING
In this section we describe the computational methods developed for understanding the hemo-
dynamics of IAs before and after treatment. We also present how transient flow simulations were
derived from these models. To quantify the hemodynamics in the aneurysmal regions, hemody-
namic variables such as average WSS at the aneurysm wall, and inflow and average velocity at the
aneurysm neck were measured.
6.1 Aneurysm Processing Pipeline
Each case was processed according to the @neurIST data analysis protocol, which is con-
tained in the D23 deliverable [59] and defines all the steps that have to be realized in order to obtain
volumetric meshes out of medical images. As shown in Figure 6.1, the steps that were followed in
the preparation of this study were:
1. Image Acquisition. 3DRA images of each patient were acquired using a vascular imaging
system (see Figure 6.1.a). With the aid of contrast medium, the vascular lumen was visualized
throughout the reconstructed regular grid of voxels. Voxel size in the reconstructed 3D images
was 234 microns with a reconstruction matrix of 256 x 256 x 256.
2. Image Segmentation. Extraction of the cerebral arteries from the medical images was per-
formed through the segmentation algorithm Geodesic Active Regions (GAR) [60] (see Fig-
ure 6.1.b). This algorithm is embedded within @neuFuse, software developed within the
@neurIST project, and it is based on geometric deformable models in which high-order differ-
ential image descriptors are used in a multiscale framework for non-parametric estimation.
3. Surface Meshing. From the vasculature segmentation performed in the previous step, a
3D model consisting of a triangulated surface mesh is generated. This model may contain
artifacts and vessels that are not of interest for the study. Therefore, only the vascular section
containing the aneurysm, the respective internal carotid artery and vessels immediately distal
to the aneurysm were considered as the region of interest and thus, the rest of the model
was discarded. Once the reconstruction was finished, Laplacian smoothing of the vessel was
necessary in order to reduce any imperfections on the vessel wall (seen Figure 6.1.c).
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Fig. 6.1: Processing pipeline followed in this study: (a) Image acquisition, (b) Image Segmentation, (c) Sur-
face meshing, (d) 1D Model of the systemic tree, along with a pressure and mass flow rate waveform
obtained from it, (e) Boundary conditions setting.
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Fig. 6.2: Stent deployment for case 1. (a) Positioning of the landmark (blue point) from wich the stent would
be deployed. (b) Final stent deployment.
4. Boundary Conditions Setting. To be able to apply any boundary condition transversal to
the curvature of the vascular wall, we created a centerline within the vascular surface mesh.
Boundary conditions were imposed according to a 1D mathematical model of the systemic
tree, also developed within the @neurist project [61]. This model (see Figure 6.1.d) is capable
of providing waveforms of pressure and mass flow at different locations throughout the circle
of Willis. At the inlet, which was the internal carotid artery for all the selected patients, a mass
flow rate was imposed, whereas pressure was imposed at the outlets (see Figure 6.1.e).
6.2 Stent Deployment
The stent deployment was performed using the Fast Virtual Stenting method proposed by
Larrabide et al [58], due to its speed and realism. This method provides an estimated configuration
of intracranial stents when released in realistic vascular geometries. It is based on constrained
simplex deformable models, where a second-order partial differential equation is applied for moving
a mesh under the effect of internal and external forces.
The diameter of the stent strut was set to 0.06 mm, following SILK specifications (Balt Extru-
sion, Montmorency, France). Other geometrical characteristics of the stent, such as stent design,
strut length, angle between struts and deployed stent radius, were used as constraints to guide the
deformation of the stent model. For the deployment to be possible, we created a skeleton, which is a
centerline within the vasculature. From the skeleton, a point under the aneurysm neck was selected
to specify the landmark from which the stent was to be deployed (see Figure 6.2). The stent width
was adjusted to obtain a stent that would couple to the vascular surface mesh wall. Additionally, the
stent had only the necessary length to cover the aneurysm neck [1]; this was done in order to reduce
the number of total elements in the resulting volumetric mesh for the CFD analysis.
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Fig. 6.3: Vascular model from case 1, which was used in all mesh independency tests. The stent is shown in
purple.
6.3 Volumetric Meshing and Computational Fluid Dynamics Simulation
In order to carry out CFD simulations, volumetric meshes were generated based on the vas-
cular surface meshes created in the previous step. All volumetric meshes were generated using the
commercial software ANSYS ICEM CFD (Ansys Inc., Canonsburg, PA, USA) and were composed
of unstructured tetrahedral and 8-node prism elements.
During the implementation of the experiments, an issue that emerged at the construction of
the volumetric meshes. The nitinol wires that conform the SILK stent are considered to be small
(0.06 mm) when compared to the intracranial vessel diameter (around 3 mm), which is two orders of
magnitude bigger than the one of the strut. A proper meshing of such stent would require a smaller
tetrahedral element size than the stent strut itself. Smaller, and consequently more, elements require
heavy computational power and time for the creation of the volumetric mesh, as well as for the CFD
simulation.
In order to find the proper element size that would provide an acceptable computational time
as well as an accurate result, mesh independency tests were carried out. For these tests, case 1
was chosen since it included an aneurysm with small neck and, consequently, the deployed stent of
such model would be small too (see Figure 6.3). Mesh specifications such as element size, prism
layer size, and location of the prism layer will vary for every volumetric mesh throughout all mesh
independency tests. CFD simulation parameters and boundary conditions will be the same among
all tests.
Using ANSYS CFX 11.0, continuity (Eq. 5.1) and momentum equations (Eqs. 5.2 - 5.4) were
solved for each of the nodes connecting the volumetric mesh elements. The vessel walls were
set to be rigid with no-slip boundary condition on the vessel wall. Blood was considered as an
incompressible, Newtonian fluid with a viscosity of 0.0035 Pas and density of 1066 kg/m3. One
cardiac cycle of the mass flow rate was established to be of 0.8 s, divided in 100 time steps which
were more tightly distributed around peak systole than throughout the rest of the cycle. Three cardiac
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Fig. 6.4: Volumetric meshes created for the stent-size independency test. (a) Cut plane of the volumetric
mesh for Test 1. (b-f) Close-up of a stent strut (white box present in (a)) for Test 1 through 5.
cycles were computed in order for the numerical solutions to converge and only the last one was
considered for evaluation. Simulations were performed using an Intel Core2 Quad desktop computer
equipped with 4 GB of RAM.
6.3.1 Stent Element Size
In order to find the ideal element size around the stent strut, steady state simulations were car-
ried out for five different element sizes. The last test, Test 5, was considered the gold standard, since
it contained the largest quantity of elements and should generate the most trustworthy results. No
prism layer was defined near the vascular wall, except for the aneurysm. Maximum global element
size was 0.4 mm, where elements of the mesh would gradually refine themselves towards the wall.
Table 6.1 describes the specifications of each test and Figure 6.4 shows the resulting volumetric
mesh for each test.
Test 1 Test 2 Test 3 Test 4 Test 5
Element size for the stent [m] 4.010-5 2.010-5 1.610-5 1.010-5 0.710-5
Num. of elements around the
stent strut
5 9.5 12 18 27
Num. of tetrahedral elements 4 025 316 4 735 047 7 556 898 7 331 570 9 339 462
Creation time [min] 10 11 44 89 108
Tab. 6.1: Tests for stent element size independency.
As can be observed in Figure 6.5, that with respect to the gold standard the relative difference
was found to be negligible for element sizes from 2.010-5 to 0.710-5 m, leaving Test 1 with the
the largest deviation from the gold standard, ranging from 25.81% to 37.42%.
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Fig. 6.5: CFD results for the stent-size independency test. Each bar graphic compares the different tests (X
axis) for a given hemodynamic parameter (Y axis): (a) Average WSS at the aneurysm wall [Pa],
(b) Inflow at the aneurysm neck [m3/s], and (c) Average velocity at the aneurysm neck [m/s]. The
relative differences with respect to Test 5 are shown above the data bars.
6.3.2 Stent vs. Patch
Using the whole stent mesh produces a volumetric mesh excessively large (25 million ele-
ments). The computational cost of solving such meshes is very high (more than 48 hours). For
this reason, we considered using just the piece of the stent covering the aneurysm neck instead of
the complete stent [1]. In this section we evaluate the difference between both configurations: with
the whole stent and with the stent patch covering the aneurysm neck. A transient CFD study was
performed for this case to account for the differences occurring along the cardiac cycle.
Figure 6.6 shows that the patch provided similar results compared to the stent, since the
difference between the model with stent and the one with patch was less than 8%, which reproduced
the results obtained by Appanaboyina et al [1]. Additionally, Table 6.2 demonstrates the time being
saved by using the patch instead of the whole stent.
Stent Patch
CPU time [h] 37.19 20.11
Num. of elements 9 277 630 7 556 898
Num. of nodes 1 882 662 1 544 661
Tab. 6.2: Computation time and mesh of the models for the stent-vs-patch test.
6.3.3 Boundary Layer Element Size
Having a boundary layer formed of prism elements near the vessel wall, allows a better reso-
lution of the mesh near the wall. Therefore, the computation of WSS becomes more accurate. For
this reason, steady state simulations were carried out in which the element size of the mesh, size of
prism layer, and quantity of layers varied. The gold standard for this independency test was Test 4,
which constituted the test with the smallest element size (1.2510-4 m). The prism layer is located
everywhere over the vessel but not in the region of the wall near the stent. The reason behind this
is a limitation in the mesh generation software which does not create prism elements where the
stent is very near or touching the vessel wall. This assumption is valid because we are interest on
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Fig. 6.6: CFD results for the stent-vs-patch test. Each graphic bars compare the different tests (X axis) for
a different parameter (Y axis): (a,b) Average WSS at the aneurysm wall [Pa], (c,d) Inflow at the
aneurysm neck [m3/s], and (e,f) Average velocity at the aneurysm neck [m/s]; taken at (a,c,e) peak
systole and (b,d,f) time-average. The relative differences with respect to the Stent Test are shown
above the data bars.
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Fig. 6.7: Volumetric meshes created for the boundary-layer independency test. (a) Mesh cut-plane of the
volumetric mesh along the parent vessel for Test 1. Blue arrows indicate where prism layers are
located. (b-e) Close-up of the mesh at the stent segment and the vessel part that is downstream to
the aneurysm, for Test 1 through 4.
the WSS over the aneurysm wall and not over the stent itself. Prism layers were generated on the
aneurysm dome, which is limited by the aneurysm neck and beyond two planes transversal to the
vessel located upstream and downstream of the stent. The mesh characteristics for each test are
described in Table 6.3 and Figure 6.7 shows the resulting volumetric mesh for these tests.
Test 1 Test 2 Test 3 Test 4
Max. element size for the model [m] 3.010-4 2.510-4 2.510-4 2.510-4
Max. prism layer size [m] 3.010-4 2.510-4 1.2510-4 1.2510-4
Num. of prism layers 3 3 3 5
Num. of tetrahedral elements 4 300 907 4 301 907 6 133 659 5 729 840
Num. of prism elements 393 890 393 890 1 569 230 2 610 812
Creation time [min] 8 22 32 40
Tab. 6.3: Tests for boundary layer element size independency.
According to the results shown in Figure 6.8, all the tests demonstrate the similar behavior and
the relative difference with the gold standard can be considered negligible. The largest deviation
observed is of 4.06%, which indicates that the mesh with fewer number of elements can be utilized
for further experiments.
6.3.4 Final Model Specification
The final mesh configuration was chosen according to the results obtained from the mesh
independency tests. Therefore, the volumetric meshes were created under the following specifica-
tions: tetrahedral global element size of 0.3 mm, element size around the stent strut of 0.02 mm, 3
prism layers with a total size of 0.3 mm, prism layers defined everywhere except in the stent segment,
and the patch covering the aneurysm neck would be used instead of the whole stent.
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Fig. 6.8: CFD results for the boundary-layer independency test. Each bar graphic compares the different tests
(X axis) for a given hemodynamic parameter (Y axis): (a) Average WSS at the aneurysm wall [Pa],
(b) Inflow at the aneurysm neck [m3/s], and (c) Average velocity at the aneurysm neck [m/s]. The
relative differences with respect to Test 4 are shown above the data bars.
6.4 Materials
Two patient-specific vascular models were selected for the evaluation of the effect of the SILK
stent on the intra-aneurysmal flow. Such vascular models were reconstructed from 3DRA images,
which were obtained from the European project @neurIST database. Such 3DRA images were
generated using either a System Integris Allura Neuro (Philips Healthcare, Best, The Netherlands)
or an AXIOM Artis (Siemens Medical Solutions, Erlangen, Germany).
Details about the patients and their respective aneurysm are available in Table 6.4. An
aneurysm was considered to be narrow-necked when its aspect ratio (ratio of the aneurysm’s dome
depth to its neck width; AR) was above 1.2. Figure 6.9 shows the image segmentation for each
case.
Pat. ID Sex/Age Aneu. Location Depth [mm] AR Classification
case 1 F/49 Ant. Choroidal 2.60 1.07 Wide-necked
case 2 M/39 Post. Communicating 6.75 2.45 Narrow-necked
Tab. 6.4: Patient and aneurysm detalis.
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(a)
(b)
Fig. 6.9: Image segmentation of (a) case 1 and (b) case 2. The corresponding aneurysm is circled in red.
7. IA TREATMENT MODELING: QUALITATIVE AND QUANTITATIVE RESULTS
We conducted CFD simulations for both cases, before and after virtual implantation of the
flow diverter to assess the effect of the device on intra-aneurysmal hemodynamics. We obtained
quantitative and qualitative results for area-averaged WSS, inflow at the aneurysm neck, and intra-
aneurysmal average velocity. These results are presented in this chapter.
7.1 Qualitative Analysis
Velocity and WSS plots for case 1 are shown in Figure 7.1. A high-WSS area is located at
the the neck of the aneurysm (see Figure 7.1.a) corresponding to the impingement zone of the flow.
The WSS magnitude in this area is greatly reduced after stent placement (see Figure 7.1.b). Also,
we can observe that the velocity of the blood flow inside the aneurysm is damped (see Figure 7.1.d)
and the inflow jet is deflected (see Figure 7.1.f and h) and diminished (see Figure 7.1.j) by the stent
struts.
For case 2, at the upstream side of aneurysm wall, the WSS is aliviated as can be seen in
Figures 7.2.a and 7.2.b. We also observe lower velocities inside the aneurysm, as well as different
flow patterns as the impingement zone moved closer to the neck (see Figure 7.2.d). At the aneurysm
neck, the velocity profile also changes after the stent placement (see Figure 7.2.e). The inflow jet
showed decreased velocity and slight inclination towards the center of the aneurysm (see Figure
7.2.h and j), compared to the one without treatment (see Figure 7.2.g and i).
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Fig. 7.1: Velocity and WSS plots for case 1 at peak systole, without treatment (left column) and with the
stent patch (right column). (a,b) WSS contours [Pa]; (c,d) Velocity streamlines [m/s]; (e,f) Inflow
zone (blue area) and velocity vectors [m/s]; (g,h) Velocity vectors at aneurysm neck [m/s]; and (i,j)
Velocity profile of the inflow [m/s].
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Fig. 7.2: Velocity and WSS plots for case 2 at peak systole, without treatment (left column) and with the
stent patch (right column). (a,b) WSS contours [Pa]; (c,d) Velocity streamlines [m/s]; (e,f) Inflow
zone (blue area) and velocity vectors [m/s]; (g,h) Velocity vectors at aneurysm neck [m/s]; and (i,j)
Velocity profile of the inflow [m/s].
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7.2 Quantitative Analysis
Considering as a reference the variables of the untreated case, we quantify the reduction after
placing the device. In Figures 7.3 and 7.4, we show quantitative results for the average WSS, inflow
and average velocity. Each variable is presented in a bar graphic for peak systole and time-average.
Also, the percentage of reduction with respect to the untreated case is indicated.
For case 1, the reduction in average WSS on the aneurysm wall was 55.16% at peak systole
and 84.67% time-averaged over the cardiac cycle. Inflow at the aneurysm neck was reduced by
7.5% at peak systole and 59.44% over the cardiac cycle. The average intra-aneurysmal velocity at
peak systole and over the cardiac cycle was reduced in 35.22% and 69.43%, respectively.
The narrow-necked aneurysm, case 2, showed a general increase in the reduction for each
hemodynamic parameter compared to case 1. Average WSS showed a reduction of 64.53% at peak
systole and 83.91% time-average over the cardiac cycle. Inflow at the neck was reduced by 28.87%
and 64.78%, respectively and average velocity by 36.13% and 73.80%, respectively.
After this analysis, we observe a considerable effect, both quantitative and qualitative, caused
by the implantation the device. In the next chapter, we will discuss the possible implications of these
results.
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Fig. 7.3: CFD results for case 1. Each graphic bars compare the different tests (X axis) for a different pa-
rameter (Y axis): (a,b) average WSS at the aneurysm wall [Pa], (c,d) inflow at the aneurysm neck
[m3/s], and (e,f) average velocity at the aneurysm neck [m/s]; at (a,c,e) peak systole and (b,d,f)
time-average. The relative differences with respect to case 1 without treatment are calculated.
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Fig. 7.4: CFD results for case 2. Each graphic bars compare the different tests (X axis) for a different pa-
rameter (Y axis): (a,b) average WSS at the aneurysm wall [Pa], (c,d) inflow at the aneurysm neck
[m3/s], and (e,f) average velocity at the aneurysm neck [m/s]; at (a,c,e) peak systole and (b,d,f)
time-average. The relative differences with respect to case 2 without treatment are calculated.
8. DISCUSSION
Regarding endovascular treatment of IAs, coil embolization is the preferred treatment for
aneurysms, specially for narrow-necked ones since they encapsulate the coils, keeping them in
place. Still, this treatment conveys risks to wide-necked and giant aneurysms and clinicians are
reluctant to use this treatment in such situations.
In the last decade, stent-alone technique has been used as treatment for IAs. Nonetheless, it
has been left aside as a last resource for aneurysms that were contraindicated for other treatments.
In recent years, new devices have been specially design to act as flow diverters to deflect blood flow
from the aneurysm into the parent vessel, restituting the normal flow and isolating the aneurysm from
the circulation. Still, there is not a consolidated evidence that indicates which patients are best suited
for this alternative treatment. This is mainly because the effect that flow diversion devices have on
intra-aneurysmal hemodynamics is not fully understood. In this study, we analyze this effect from
the CFD point of view. For the two cases analyzed, our findings indicate that flow diverters alone
could be able to induce favorable hemodynamic changes at the aneurysm site, such as aneurysm
inflow reduction, intra-aneurysmal velocity reduction, and WSS relaxation.
Our results suggest a flow diverter such as SILK can be used to reduce the inflow and WSS
at the aneurysm site. These diminished velocities and low-WSS areas produced by the reduction
of the flow are believed to affect the biological response of the vascular wall [44]. Other proposed
theory in literature is that the flow diverter’s low porosity impedes blood from exiting the aneurysm
too quickly, increasing its residence time inside the aneurysm, which has been linked to thrombus
initiation process [62]. This process could lead, ultimately, to the occlusion and stabilization of the
aneurysm.
Our findings are consistent with those in clinical research. Some authors have reported
that, immediately after the stent placement, they are able to observe a significant reduction in the
aneurysm filling [21, 34, 27]. We report an inflow reduction throughout the whole cardiac cycle of up
to a 64.78% for the narrow-necked aneurysm and 59.44% for the wide-necked one.
For both wide-necked and narrow-necked aneurysms, we observed similar reduction at each
hemodynamic parameter after stent placement. Although, differences were spotted. Case 1 pre-
sented higher inflow (92.50% against 71.13%) than case 2. This means that the same flow diverter
can have different effect depending on the morphology of the vasculature and aneurysm and, specif-
ically presented at this study, neck size. A larger population would help to analyze the tendency
among those aneurysms with similar morphology.
We also found that by using the part of the stent that is below the aneurysm neck provides
similar results as if using the whole stent, as Appanaboyina et al. [1] had already described in their
experiments. This allowed us to produce the meshes required for our experiments in an efficient
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fashion, saving computational time while producing high quality results. Regarding average WSS on
the aneurysm, we reported maximum relative difference of less than 8% (see Figure 6.6.A), similar
to the maximum relative difference of 11.3% inferred from Appanaboyina et al.
It was observed that the average WSS at the aneurysm wall for both cases differ by an order of
magnitude. This was attributed to the fact that vessel diameter varied among the models and WSS
is very sensitive to it. For future work, this difference can be avoided by normalizing the aneurysm
WSS with the average WSS localized at the inlet as has been suggested by different authors in the
literature [63, 64].
9. CONCLUSIONS
In this work, we performed a study on the effect of flow diverters, which are low-porosity stents,
in intra-aneurysmal hemodynamics. For this study, CFD has been used and allowed us to elucidate
the behavior of blood flow before and after treatment with this kind of device.
Three main objectives have been defined for this work. Below, we enumerate them together
with the conclusions and achievements for each one:
 Objective 1: Understand the literature that has been dedicated to the study intracranial
aneurysms and their treatment. In particular we focus on treatment with stents, both from
the clinical and computational modeling point of view.
A literature review has been developed were the main clinical findings were studied and or-
ganized chronologically. This allowed us to observe the evolution of the stent-alone tech-
niques: from single stenting to multiple stenting, and consequently leading to the development
of specialized devices such as flow diverters. We also observed that these devices can have
different outcomes, both positive or negative, depending on the condition of the patient and
the aneurysm. This technique broadens the spectrum of available therapeutical options. The
complexity of this treatment requires a deeper understanding of the treatment effects from a
mechanical point of view.
 Objective 2: Develop a computational model, both of the anatomy and the device, suitable for
studying the hemodynamics of IAs before and after treatment.
Utilizing state-of-the-art computational modeling techniques, we analyzed the effect treat-
ment into patient-specific geometries. The CFD pipeline from the @neurIST project has been
adopted to perform the fluid dynamics models. Still, this pipeline does not include the modeling
of stents which needed to be specially accounted for. For this, mesh independency tests were
driven to adjust the CFD models to produce reliable and accurate results. The computational
time of the simulations was reduced by considering a patch of the stent across the aneurysm
neck, which proved to reproduce main flow characteristics.
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 Objective 3: Quantify and assess the effect of the flow diverter on intra-aneurysmal hemody-
namics by performing CFD analysis.
After placement of the flow diverter, we were able to observe reduction of the intra-aneurysmal
flow, as has been observed before in clinical studies. By observing the WSS at the aneurysm,
a considerable reduction is observed after the stent placement (Case 1: 84.67%, Case 2:
83.91%). The inflow of the aneurysm was decreased (Case 1: 59.44%, Case 2: 64.78%)
mainly because the flow is deflected from the aneurysm into the parent vessel. In this way,
the velocity inside the aneurysm region is also considerably reduced (Case 1: 69.43%, Case
2: 73.80%). As a summary, the implantation of flow diverter stents has proved to alter the
intra-aneurysmal hemodynamics acting as a scafold across the aneurysm neck and reducing
the flow velocity inside the aneurysm.
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